In three experiments we investigated whether attentional and oculomotor capture occur only when object-defining abrupt onsets are used as distractors in a visual search task, or whether other salient stimuli also capture attention and the eyes even when they do not constitute new objects. The results showed that abrupt onsets (new objects) are especially effective in capturing attention and the eyes, but that luminance increments that do not accompany the appearance of new objects capture attention as well. Color singletons do not capture attention unless subjects have experienced the color singleton as a search target in a previous experimental session. Both abrupt onsets and luminance increments elicit reflexive, involuntary saccades whereas transient color changes do not. Implications for theories of attentional capture are discussed.
Introduction
A key issue in attention research concerns the extent to which novel but irrelevant stimulus events involuntarily capture attention. For example, Yantis and colleagues (e.g. Yantis & Jonides, 1984 , 1990 Yantis & Hillstrom, 1994) have conducted a number of visual search studies in which they have found that stimulus characters that appear abruptly (i.e. as sudden onsets) in a display are processed first, even if they are no more likely to be the target of the search than any other character in the display. This suggests that abrupt onsets (or new objects, since abrupt onsets signal the appearance of new objects) capture attention. Similar results were obtained by Theeuwes (1994) , who had subjects search for a uniquely-colored item (i.e. a color singleton target) among other items in a display. On some trials a new item abruptly appeared in the display at the same time as the color change which defined the location of the color singleton target. Although the abruptly-appearing new item never served as the target, search performance was slower on trials in which it was present than on trials in which it was absent. Theeuwes (1994) suggested that this was the result of the abrupt onset capturing attention which subsequently needed to be reoriented to the color singleton target. Perhaps most impressively, Remington, Johnston and Yantis (1992) found that visual search was slowed by the presentation of an abrupt onset even when subjects were told that onsets should be ignored because they never cued the location of the target.
Although these findings suggest that novel items in a display capture attention in an involuntary or obligatory fashion, there is controversy regarding the generality of the effect and the nature of the processing involved. For example, some researchers have argued that attentional capture is determined solely by stimulus salience, with little or no contribution from top-down (or conceptually-driven) factors (e.g. Koch & Ullman, 1985; Theeuwes, 1991 Theeuwes, , 1992 Theeuwes, , 1994 Theeuwes, , 1996 . Others, however, have argued that attentional capture is limited to only some stimulus properties, such as abrupt visual onsets that define the presence of new objects in the environment (e.g. Yantis, 1993 Yantis, , 1996 Yantis & Hillstrom, 1994) . Some researchers have argued that attentional capture is not purely stimulus-driven, however, but rather is contingent on conceptually-driven (top-down) attentional control settings (e.g. Folk, Remington & Johnston, 1992 , 1993 Folk & Annett, 1994; Folk, Remington & Wright, 1994; Folk & Remington, 1996) . According to this account, unique or novel items in a display will capture attention only if they are consistent with the subject's search goals. For example, Folk et al. (1992) found that abrupt onset stimuli captured attention when subjects were searching for abrupt onset targets but not when they were searching for color targets, and Folk and Remington (1998) found that an irrelevant color singleton captured attention only when it was the same color as the search target. This 'attentional control setting' hypothesis seems inconsistent with the findings reviewed above that suggest that irrelevant abrupt onsets capture attention, but Folk and Remington (1998) suggest that those findings might be due to 'filtering costs' or general distraction effects rather than to shifts of spatial attention.
Because filtering costs and shifts of spatial attention are covert in nature, it is difficult to discriminate between these various hypotheses based only on reaction time (RT) and accuracy data. We have recently conducted several eye movement studies which provide additional evidence regarding this issue, however; the results of these studies indicate that irrelevant onsets not only capture covert attention, but they capture overt attention (i.e. the eyes) as well.
In our first study (Theeuwes, Kramer, Hahn & Irwin, 1998) , subjects viewed displays containing six gray circles (3.7°in diameter) spaced equally around an imaginary circle whose radius was 12.6°. Centered within each circle was a small (0.4 ×0.2°) figure-eight premask. After 1 s, all of the circles except for one changed color (from gray to red) and the premasks inside the circles were converted to small letters by removing some of their line segments. Subjects were instructed to move their eyes to the remaining gray circle (a color singleton) and to determine whether the letter inside it was a C or a reversed C. They pressed one of two buttons to indicate their response, and their response latency and accuracy were recorded. Because the target letter was so small, it could be identified accurately only if it was foveated. On half of the trials, an additional red circle (an abrupt onset or new object) was added to the display at the same time as the color singleton and the stimulus letters were revealed. This onset stimulus also contained a small letter, but it was never the target; thus, it was irrelevant to the subject's task. Despite this, on nearly half the trials subjects made a saccade towards the new object before moving their eyes to the color singleton; in other words, the eyes were captured by the appearance of a sudden onset in the display even though subjects intended to move their eyes to the color singleton. This pattern of results was obtained regardless of whether the onset distractor appeared close to the target or on the opposite side of the visual display. Fixations on the new object were very brief (median= 100 ms), even though a complete change in the direction of the eye movement was required to redirect the eyes toward the color singleton (see McPeek, Skavenski & Nakayama, 1996 , for similar results). Furthermore, subjects were generally unaware that onsets (new objects) were presented on half of the trials and they reported being completely unaware of making saccades to them, even though they did so on half of the trials. Other experiments showed that saccades to the new object were eliminated if the location of the color singleton was precued for 400-600 ms prior to the color change which defined the target location; delaying the presentation of the new object so that it appeared 150 ms after the color change also eliminated saccades to the new object (Theeuwes, Kramer, Hahn, Irwin & Zelinsky, 1999) ; and making the onsets more salient (so that subjects were more aware of their presence) reduced the number of saccades that young subjects made to the new object (Kramer, Hahn, Irwin & Theeuwes, in press ).
We interpreted these findings as arising from the parallel programming of two saccades: one voluntary, goal-directed eye movement toward the color-singleton target and one stimulus-driven eye movement reflexively and unconsciously elicited by the appearance of the task-irrelevant new object. Depending on the finishing times of the two eye movement programs, the eyes moved either toward the target or toward the onset; fixations on the onset were brief if the program to the target finished a short time after the program to the onset. Making the onsets more salient increased subjects' ability to consciously inhibit saccades to them. In sum, these results suggest that the effects of abrupt onsets or new objects on task performance are not due simply to filtering costs, as attentional control setting proponents might argue, but rather are due to the capture of overt (i.e. the oculomotor system) and covert spatial attention.
Our studies to date have investigated only the effects of abrupt onsets (new objects) on goal-directed movements of the eyes. In the present paper we report three experiments that investigated the effects of other kinds of distractors on task performance, to see whether attentional (and oculomotor) capture occur only when abrupt onsets which define new objects are presented, as Yantis and colleagues have hypothesized, or whether other salient stimuli also capture attention and the eyes even when they do not constitute new objects.
Experiment 1
Experiment 1 compared search performance in two complementary target/distractor conditions. The first condition was similar to that used by Theeuwes et al. (1998) : Subjects were instructed to identify a target character that appeared inside a color singleton stimulus while an irrelevant onset distractor was presented on some trials. In the second condition subjects were instructed to identify a target character that appeared inside an onset stimulus while an irrelevant color singleton distractor was presented on some trials. The first condition was essentially a replication of Theeuwes et al. (1998) , while the second condition allowed a determination of whether irrelevant color singleton distractors also capture attention and the eyes.
Methods

Subjects
The subjects in all three experiments ranged in age from 18 to 30 years and they were paid for their participation. All had normal visual acuity as measured by Snellen charts and normal color vision as measured by the Ishihara Color Blindness Test. Nine individuals (six female, three male) participated in experiment 1.
Apparatus
A Gateway Pentium 133 MHz computer with a 19 inch SVGA color monitor was used to present the stimuli, control the timing of the experimental events, and record subjects' reaction times. Eye position was recorded with an Eyelink eye tracker (SR Research Ltd.) with 250 Hz temporal resolution and 0.2°spatial resolution. The system uses infrared video-based technology to compute the center and size of the pupils in both eyes and an infrared head motion system to track head position. This apparatus was used in all three experiments.
Stimuli
Each subject completed an experimental session in which the target character was presented in a uniquelycolored stimulus (color target, onset distractor condition) and an experimental session in which the target character was presented in a sudden-onset stimulus (onset target, color distractor condition). Half of the trials in each session were control trials in which no sudden onset distractor or no uniquely-colored distractor appeared. The properties of the stimuli in these different experimental and control conditions are described next.
2.1.3.1. Color target, onset distractor condition. Each trial began with the presentation of a visual display that contained a central fixation mark (a 0.3 × 0.3°gray star) and either four (on distractor trials) or five (on control trials) gray circles (see Fig. 1 ). Four of the circles always appeared at clock positions 1, 5, 7 and 11; on control trials the position of the fifth circle was determined in a manner described below. The gray circles were 2.5°in diameter and they were presented on an imaginary circle with a radius of 8.9°. Each gray circle contained a small (0.3×0.2°) gray figure-8 premask. After 1500 ms the central fixation star changed into a cross, all of the circles but one changed to red, and line segments were removed from the figure-8 premasks to reveal target and distractor letters. The subject's task was to determine whether the letter inside the remaining gray circle was either a C or a reversed C. Because the letters were very small, subjects had to make a saccade to the gray circle in order to identify the target letter (this was confirmed in pilot testing). The subjects responded by pressing the 'z' or '/' key on the computer keyboard. The letters inside the red circles were distractor letters randomly sampled without replacement from the set S, H, E, P, F and U. The red and gray circles were matched for luminance (24 cd/ m 2 ). The stimuli remained present until a response was made by the subject.
On distractor trials, an additional red circle (a sudden onset) with a distractor letter inside was added to the display simultaneously with the color change which defined the color singleton target. The additional red circle appeared abruptly at one of two possible distances from the color singleton target, either three clock positions away (describing an angle of 90°of arc) or five clock positions away (describing an angle of 150°o f arc). In Euclidean terms, these distances corresponded to 12.3 and 17.4°of visual angle, respectively. On control trials (i.e. those in which the trial started with five circles on the display) the 'extra' circle likewise appeared either 90 or 150°away from the color singleton target. Of interest was whether the subject's oculomotor behavior and reaction time (RT) to identify the target letter inside the color singleton would be differ- not to make any large head movements. The infrared source and the eye camera were adjusted until there was a clear corneal reflection in both eyes. After setting the threshold for detecting the pupil, the Eyelink system was calibrated. Subjects fixated nine calibration targets that were presented serially in a 3×3 grid in a random order across the monitor. Once the calibration procedure was successfully completed the experiment began.
Each subject completed two experimental sessions lasting 1 h each. One session corresponded to the color target, onset distractor condition described above while the other session corresponded to the onset target, color distractor condition. Order was balanced across subjects. Each session consisted of one practice and four experimental blocks of 64 trials each (32 control and 32 distractors trials in each block). Distractor distance and trial type were sequenced randomly across trials. Subjects began each trial by fixating a central fixation mark, and pressed any key on the computer keyboard to initiate the trial. On each trial the eye position was automatically recalibrated to the center position so that reliable eye movement measurements could be made. Subjects were instructed to move their eyes to the appropriate target circle as soon as the color change occurred, and to respond to the C or reversed C by pressing the appropriate response key. Subjects were provided with feedback regarding their accuracy on each trial, and feedback regarding speed and accuracy of responding following each block of trials.
Results
Preliminary analyses indicated that the order in which the subjects completed the two tasks had no effect on the results. Thus, order is not included in the analyses reported below. To increase the sample size in each cell of the design, distractor distance was not included as a factor either. Trial data were excluded from analysis if a manual response error was made (2.4% of all trials), if the manual RT was less than 100 ms or greater than 1500 ms (1.6% of all trials), or if an eye movement artifact occurred (8.7% of all trials).
Manual reaction time
The mean RTs to make the C versus reversed C judgment are presented in Table 1 as a function of target type (color vs onset) and condition (distractor present vs control). When the target appeared in an onset stimulus, manual RT was statistically the same regardless of whether a color singleton distractor was present or absent. However, when the target appeared in a color singleton stimulus, manual RT was slower when an onset distractor was present than when it was absent. In other words, a task-irrelevant sudden onset disrupted task performance but a task-irrelevant color singleton did not. ent when an irrelevant sudden onset appeared in the display compared to when it did not.
Onset target, color distractor condition.
The dimensions of the display items were the same as in the color target, onset distractor condition, but the sequence of events and subject instructions were somewhat different (see Fig. 2 ). On each trial four gray circles (each containing a small gray figure-8 premask) were presented at clock positions 1, 5, 7 and 11. After 1500 ms, on half of the trials all but one of the circles changed to red (distractor trials) while on the other half of the trials all of the circles changed to red (control trials); on all trials, line segments were removed from the figure-8 premasks when the circles changed color to reveal distractor letters. Simultaneously, on all trials a new red circle (sudden onset) containing the target stimulus was presented. The subject's task was to determine whether the target stimulus inside the sudden onset was a C or a reversed C. The sudden onset appeared either 90 or 150°of arc away from the color singleton distractor (i.e. the remaining gray circle) on distractor trials or from another red circle on control trials. Of interest was whether the subject's oculomotor behavior and reaction time (RT) to identify the target letter inside the onset stimulus would be different when the gray circle remained in the display (distractor trials) compared to when all circles were the same color (control trials).
Procedure
The same procedure was followed in all three experiments. Before starting an experiment, the head band of the Eyelink tracker with the infrared light source and camera were strapped tightly on the subject's head. A chin-rest was used to stabilize the head at a distance of 80 cm from the display monitor. Subjects were asked An additional analysis was performed to examine the influence of initial scan path on manual RT. Subjects frequently misfixated the onset distractor when the color singleton was the intended target, but they almost never misfixated the color distractor when the onset stimulus was the intended target (see Section 2.2.2.1). The target letter was so small that it could be identified only when it was foveated; thus, it was of interest to determine whether the RT increase found above is due entirely to the eyes going first toward the onset distractor on some trials before arriving at the color singleton target. To that end, the RT data for the color singleton target trials were sorted on the basis of whether the eyes went directly to the color singleton target or instead went first toward the onset distractor. The difference in manual RT between the no-distractor control condition and the distractor-present trials in which the eyes went directly to the color-singleton target was sizeable (37 ms) but not statistically significant. Manual RT was statistically slower when the eyes went toward the onset distractor before going to the color singleton target compared to when the eyes went directly to the color singleton target, however (see Table 2 ). Thus, the effect of the onset distractor on manual RT was largely due to those trials in which the eyes were drawn to the onset, but there is some suggestion that the onset distractor slowed manual RT even when the eyes went directly to the target.
Oculomotor beha6ior
To obtain additional information about the effects of onset and color distractors on task performance, we examined three aspects of oculomotor behavior: Saccade path, saccade latency, and fixation duration following the first saccade.
2.2.2.1. Saccade path. Three thresholds were used for saccade detection: Movement distance, velocity, and acceleration. An eye movement was considered a saccade either when the movement distance exceeded 0.2°a nd velocity exceeded 30 deg/s, or when the movement distance exceeded 0.2°and the acceleration exceeded 8000 deg/s. Saccade paths toward the onset were defined as eye movements that moved from central fixation to within 30°of arc toward the left or the right of the onset (i.e. within a 60°cone which extended from fixation to the onset, centered on the onset). Saccade paths to the target were defined using the same criterion. Fig. 3 presents information about the direction of the initial saccade as a function of target type, condition, and distractor location. This figure shows the distributions of the angular deviation of the initial saccade from the center of the relevant target (i.e. the color singleton target or the onset target) in the control (no-distractor) condition and separated in the distractor condition by whether the distractor appeared 90 or 150°o f arc away from the target. Fig. 3 shows that in the control condition subjects' initial saccades generally move directly towards the target. This was true for onset targets when color distractors were present as well (i.e. the three panels on the right side of the figure look very similar). In contrast, a very different pattern is present when the color singleton was the target and an onset distractor was presented. In those cases, a fairly substantial number of saccades initially went toward the onset distractor, as can be seen by the clump of fixations around 90°in the middle panel of the left column and the clump of fixations around 150°i n the bottom panel of the left column. We quantified these observations by calculating the percentage of trials on which the eyes went initially towards the distractor in each condition. The results are shown in Table 1 . When the target was the color singleton and an onset distractor was present, the eyes moved to the onset distractor on 19.4% of the trials; in the color singleton control condition, however, the eyes moved to the location of the 'extra' control stimulus on only 3.9% of the trials. When the target was the onset stimulus and a color-singleton distractor was present, the eyes moved to the color distractor on only 1.2% of the trials; in the onset control condition the eyes moved to the 'extra' control stimulus on only 0.8% of the trials. In sum, a task-irrelevant sudden onset captured the eyes quite frequently, but a task-irrelevant color singleton did not.
Saccade latency.
Saccade latency was defined as the time that it took the eyes to start moving from the center fixation mark to one of the peripheral stimuli. The timing began with target presentation (i.e. presentation of the onset in the onset target condition or presentation of the color change which defined the color target in the color singleton condition) and ended as soon as the eyes moved away from fixation (i.e. a 1°c ircular area around the central fixation mark). Considering only those trials in which the eyes moved directly to the target, saccade latency to the color target was slower when an onset distractor was present than when one was not; in contrast, there was no effect of a color singleton distractor on saccade latency to an onset target. Thus, in addition to capturing the eyes on a substantial proportion of the trials, presentation of an onset distractor appears to have slowed saccade initiation to a color target even when the eyes went directly to the color target.
A second analysis examined whether saccade latency differed as a function of whether the initial saccade went to the onset distractor as opposed to the color-singleton target (Table 2 ). Mean saccade latency was 247 ms when the eyes moved to the onset distractor, compared to 301 ms when the eyes moved to the target. These data suggest that onsets elicit fast eye movements, causing the eyes to go to the onset distractor instead of to the intended target.
Fixation duration following the first saccade.
The distribution of fixation durations for those trials in which the eyes went initially to the onset distractor are presented in Fig. 4 . This figure shows that the great majority of the fixations were too brief to enable the programming of another saccade to the target (which typically takes 150 ms; see Becker, 1991; Findlay, 1997) . The mean fixation duration for trials in which the eyes went initially to the onset distractor was 123 ms; in contrast, mean fixation duration was 197 ms for trials in which the eyes went directly to the color target (Table 2 ).
Discussion
The results of the color target, onset distractor condition are very consistent with those of Theeuwes et al. (1998) . Presentation of an irrelevant onset distractor captured the eyes on a substantial portion of the trials and it slowed manual RT to identify the target character. This supports the hypothesis that abrupt onsets (new objects) capture attention in an involuntary fashion, regardless of the subject's top-down attentional control settings. Saccades to the onset had a shorter latency than saccades to the target and the duration of the fixation on the onset was generally too short to allow for the programming of a new saccade to the target; this supports the hypothesis that two eye movements were programmed in parallel, a voluntary, goal-directed saccade to the target and an involuntary, reflexive saccade to the onset. Depending on the finishing times of the two eye movement programs, the eyes move either toward the onset or directly toward the target.
In contrast, presentation of an irrelevant color singleton distractor when goal-directed saccades were made to an abrupt onset stimulus had no effect on manual RT or on any aspect of oculomotor behavior. This finding supports the hypothesis that abrupt onsets are special in their ability to capture attention; not all unique stimuli are able to attract attention in the same way. It is possible that the color singleton stimulus that we used in this experiment was not salient enough to capture attention, however. It was the only stimulus in the display that did not change (i.e. the color singleton was defined by changes in the colors of the other display items), and 'sustained' stimuli are generally considered to be less salient than 'transient' ones (e.g. Yantis & Jonides, 1990) . In support of this possibility, a comparison of the no-distractor control conditions shows that manual RT to color targets (850 ms) was considerably slower than manual RT to onset targets (765 ms). Thus, in experiment 2 we examined the hypothesis that a more salient color singleton stimulus, one defined by a transient color change, would be more effective in capturing attention.
Experiment 2
In one condition subjects were instructed to identify a target character that appeared inside a color singleton stimulus (defined by a transient color change) while an irrelevant onset distractor was presented on some trials; in a second condition subjects were instructed to identify a target character that appeared inside an onset stimulus while an irrelevant color singleton distractor (defined by a transient color change) was presented on some trials. It has often been suggested that stimulus transients automatically attract attention (e.g. Posner, 1980; Jonides, 1981; Yantis & Jonides, 1984; Mü ller & Rabbitt, 1989; Nakayama & Mackeben, 1989) . Recently, however, some investigators (e.g. Yantis & Hillstrom, 1994) have argued that stimulus transients capture attention automatically only when they are created by the presentation of a new object. According to Yantis and Hillstrom (1994) , changing the color of an existing object does not constitute the creation of a 'new' object, so by this account transient color singletons should be no more effective than sustained color singletons in attracting attention.
Methods
Fourteen individuals (nine female, five male) participated in this experiment. In the color target, onset distractor condition each trial began with the presentation of a visual display that contained a central fixation star and either four (on distractor trials) or five (on control trials) red circles (see Fig. 5 ). After 1500 ms the central fixation star changed into a cross, one of the circles changed to gray, and line segments were removed from the figure-8 premasks to reveal target and distractor letters. As in experiment 1, the subject's task was to determine whether the letter inside the gray circle was either a C or a reversed C. On distractor trials, an additional red circle (sudden onset) with a distractor letter inside was added to the display simultaneously with the color change which defined the color singleton target. In contrast, in the onset target, color distractor condition four red circles were presented at the beginning of each trial (see Fig.  6 ). Then, after 1500 ms one of the circles changed to gray on half of the trials (distractor trials) while on the other half of the trials none of the circles changed color (control trials). Simultaneously, on all trials a new red circle (sudden onset) containing the target stimulus was presented. The subject's task was to determine whether the target stimulus inside the sudden onset was a C or a reversed C. 
Session 1
Analyses of the session 1 data provide between-subjects comparisons of performance in the color target, onset distractor condition and the onset target, color distractor condition, uncontaminated by previous experience with either version of the task. The results are shown in Tables 3 and 4. Manual RT to make the C versus reversed C judgment when it appeared in an onset target was not affected by the presence of a color singleton distractor. However, when the target appeared in a color singleton stimulus, manual RT was slower when an onset distractor was present than when it was absent. As in experiment 1, the onset distractor slowed manual RT even when the eyes went directly to the color singleton target. Thus, a task-irrelevant sudden onset disrupted task performance (presumably by capturing attention) but a task-irrelevant color singleton did not. Note that the mean RTs in the two control conditions (color target, onset absent and onset target, singleton absent) were very similar (743 vs 754 ms), so the differential effectiveness of the sudden onset can not be attributed to differences in stimulus salience.
Analyses of the oculomotor behavior showed that a task-irrelevant sudden onset was more likely to capture the eyes than was an irrelevant color singleton distractor. However, in experiment 1 the onset distractor captured the eyes on 19.4% of the trials, as compared to only 5.7% of the trials in experiment 2; this suggests that the transient color singleton target used in experiment 2 was more resistant to distraction by an abrupt
Results
Unlike experiment 1, preliminary analyses indicated that the order in which the subjects completed the two tasks had large effects on task performance. Thus, the results of each experimental session are reported separately below. The same analyses were conducted as in experiment 1. Trial data were excluded from analysis if a manual response error was made (2.4% of all trials), if the manual RT was less than 100 ms or greater than 1500 ms (4.3% of all trials), or if an eye movement artifact occurred (11.5% of all trials). onset than was the sustained color singleton target used in experiment 1. Saccade latency to the color target was slower when an onset distractor was present than when one was not; in contrast, the effect of a color singleton distractor on saccade latency to an onset target was nonsignificant. Thus, in addition to capturing the eyes on some trials, presentation of an onset distractor slowed saccade initiation to a color target even when the eyes went directly to the color target. Saccade latency differed as a function of whether the initial saccade went to the onset distractor as opposed to the color-singleton target, however (Table 4) . Mean saccade latency was 207 ms when the eyes moved to the onset distractor, compared to 245 ms when the eyes moved to the color target. As in experiment 1, these data suggest that fast eye movements are more likely to be made to the onset distractor. In contrast, there was no difference in mean latency for the onset target trials in which the eyes moved to the color singleton distractor as opposed to moving directly to the target.
As in experiment 1, the great majority of the fixations made to onset distractors were too brief to enable the programming of another saccade to the target. The mean fixation duration for trials in which the eyes went initially to the onset distractor was 93 ms; in contrast, mean fixation duration was 232 ms for trials in which the eyes went directly to the color target. This suggests parallel programming of a voluntary saccade to the color target and a reflexive saccade to the onset distractor. A different pattern was apparent in the condition in which the onset stimulus was the target and fixations were made on the color singleton distractor, however. In this case, there was no difference in fixation duration between trials in which the eyes went initially to the color singleton distractor and trials in which the eyes went directly to the onset target. Thus, it seems unlikely that parallel programming of two saccades (i.e. one to the onset target and the other to the color distractor) was occurring in this condition; rather it appears that subjects had programmed a single saccade to the 'wrong' stimulus, the distractor as opposed to the target.
Session 2
Subjects who participated in the color target, onset distractor condition in session 1 completed the onset target, color distractor condition in session 2 (and vice versa). Thus, analyses of the session 2 data reveal how effectively subjects were able to ignore a distractor which had been the target in the previous experimental session. The results are shown in Tables 5 and 6 .
When the target appeared in an onset stimulus, manual RT was slower when a color singleton distractor was present than when it was absent. Likewise, when the target appeared in a color singleton stimulus, manual RT was slower when an onset distractor was present than when it was absent. Thus, unlike session 1, both task-irrelevant sudden onsets and task-irrelevant color singletons disrupted performance.
The difference in manual RT between the no-distractor control condition and the distractor-present trials in which the eyes went directly to the color-singleton was also significant, indicating that the onset distractor slowed manual RT even when the eyes went directly to the color singleton target. In contrast, the difference in manual RT between the no-distractor control condition and the distractor-present trials in which the eyes went directly to the onset was not significant. These results suggest that the onset distractor captured covert attention even when it did not capture the eyes, but the color singleton distractor slowed performance significantly only when it captured the eyes.
Analyses of the oculomotor behavior showed that from session 1 to session 2 there was an increase in the number of trials in which subjects moved their eyes toward the distractor before fixating the target and executing their response. This was true for both the color singleton and onset distractors, but the onset distractors captured the eyes much more often. Thus, as in the previous analyses, a task-irrelevant sudden onset was more likely to capture the eyes than was an irrelevant color singleton distractor. Apparently it was harder for subjects to ignore an onset distractor that had been the target in a previous experimental session than it was to ignore a color singleton distractor that had been the target in a previous experimental session.
Analysis of the trials in which the eyes went directly to the saccade target showed that saccade latency to the color target was slower when an onset distractor was present than when one was not; similarly, saccade latency to an onset target was slower when a color singleton distractor was present than when it was absent. Thus, in both conditions, presentation of a distractor appears to have slowed saccade initiation to the target even when the eyes went directly to the target.
Saccade latency also differed as a function of whether the initial saccade went directly to the target as opposed to toward the distractor (Table 6 ). Mean saccade latency was 207 ms when the eyes moved to the onset distractor, compared to 239 ms when the eyes moved to the color singleton target. In contrast, mean latency for the onset target trials in which the eyes moved to the color singleton distractor was slower compared to when the eyes moved directly to the target. This suggests a fundamental difference between saccades elicited by an onset distractor as opposed to those elicited by a colorsingleton distractor; this is explored further below.
As in session 1, the great majority of the fixations made to onset distractors were too brief to enable the programming of another saccade to the target. When the onset stimulus was the target and fixations were made on the color singleton distractor, however, there was no difference in fixation duration between trials in which the eyes went initially to the color singleton distractor and trials in which the eyes went directly to the onset target. Thus, as in session 1, it seems unlikely that parallel programming of two saccades (i.e. one to the onset target and the other to the color distractor) was occurring in this condition; rather it appears that subjects had simply programmed a single saccade to the 'wrong' stimulus, the distractor as opposed to the target.
Discussion
The results of the first experimental session, which reflects performance uncontaminated by previous experience with either the onset or color target, replicate those of experiment 1 in almost every respect. This provides further support for the hypothesis that abrupt onsets (new objects) sometimes capture attention in an involuntary fashion, regardless of the subject's topdown attentional control settings. The irrelevant onset distractor also captured the eyes on a significant number of trials, though less often than in experiment 1. This difference suggests that a transiently-defined color singleton is a better saccade target (i.e. it is more resistant to distraction) than is a color singleton defined by the absence of change. As in experiment 1, saccades to the onset had a shorter latency than saccades to the target and the duration of the fixation on the onset was generally too short to allow for the programming of a new saccade to the target; this supports the hypothesis that two eye movements were programmed in parallel, a voluntary, goal-directed saccade to the target and an involuntary, reflexive saccade to the onset.
The results of the onset target, color distractor condition in session 1 also replicate those of the first experiment. Presentation of an irrelevant color singleton distractor when goal-directed saccades were made to an abrupt onset stimulus had no effect on manual RT or on any aspect of oculomotor behavior. This finding provides further support for the hypothesis that abrupt onsets are special in their ability to capture attention; transient color changes apparently do not (see also, Yantis & Jonides, 1984) . It seems unlikely that the differential ability of abrupt onsets and color transients to attract attention in this experiment were due to differences in stimulus salience, because manual RT in the onset target and color target control conditions was very similar.
The results of session 1 are inconsistent with the attentional control setting hypothesis of Folk and colleagues, because an irrelevant onset captured attention even when subjects were set to search for a color singleton target. The results are also inconsistent with theories that claim that attentional capture is determined solely on the basis of stimulus salience (e.g. Koch & Ullman, 1985; Theeuwes, 1991 Theeuwes, , 1992 Theeuwes, , 1994 Theeuwes, , 1996 , however, because abrupt onsets captured attention and color transients did not, even though they were matched in terms of stimulus salience. The results of session 1 thus seem most consistent with the 'new object' account of Yantis and Hillstrom (1994) , because abrupt onsets (which did constitute new objects in the display) captured attention while transient color changes did not.
The results of session 2 show that prior experience with a stimulus as a search target increases its ability to attract attention in a subsequent experimental session. McPeek et al. (1996) reported similar priming effects across trials in a visual search task (see also, Maljkovic & Nakayama, 1994) . In some ways this is reminiscent of the classic findings on automaticity by Schneider and Shiffrin (1977) and Shiffrin and Schneider (1977) , who found that when subjects needed to ignore a well-practiced target they had a great deal of difficulty doing so (i.e. when a consistently mapped target became a visual search distractor in their paradigm). One difference is that subjects in the Schneider and Shiffrin studies experienced thousands of trials with their search targets, whereas our subjects experienced only 320. Another difference is that Schneider and Shiffrin did not examine whether some stimulus characteristics (i.e. onsets/ new objects) were more powerful than others (i.e. color) in this regard. Our session 2 results show that when subjects have responded to and fixated onset and color targets in session 1, it becomes difficult to ignore these stimuli in session 2 when they are no longer task relevant -however, this was especially true for onset stimuli as opposed to color stimuli. Onset stimuli in session 2 were also much more likely to attract the eyes and the saccades made to onset stimuli exhibited the characteristics of reflexive, parallel programming (i.e. short latencies and short fixations afterwards). Color stimuli in session 2 captured attention (as shown by the manual RT data) but were less likely to capture the eyes and saccades made to them did not exhibit the characteristics of parallel programming. The fact that color stimuli could, with practice, become capable of capturing attention seems inconsistent with the 'new object' account of attentional capture proposed by Yantis and Hillstrom (1994) , because changing the color of an existing object is not equivalent to creating a new object.
Experiment 3
In order to generalize our results to stimulus characteristics other than color and to provide further tests of theories of attentional capture, in experiment 3 12 subjects (eight female, four male) completed conditions similar to those used in experiment 2 but in which all stimuli were monochromatic (gray) and the singleton target was defined by a luminance increment (to 24 vs 16 cd/m 2 for all other circles) rather than by a transient color change. As in the previous experiments, search performance in two complementary target/distractor conditions was compared. In one condition subjects were instructed to identify a target character that appeared inside a 'luminance singleton' stimulus (defined by a luminance increment) while an irrelevant onset distractor was presented on some trials. In the second condition subjects were instructed to identify a target character that appeared inside an onset stimulus while an irrelevant luminance increment was presented elsewhere on some trials. Half of the trials in each session were control trials in which no sudden onset distractor or no luminance increment distractor appeared. The layout of the stimuli and the nature of the conditions were the same as in experiment 2, except that all stimuli were gray in color and a luminance increment appeared instead of a color singleton. According to Yantis and Hillstrom (1994) , changing the luminance of an existing object does not constitute the creation of a 'new' object, so by their account onset distractors should capture attention but luminance increments should not.
Results
Preliminary analyses indicated that the same pattern of results was obtained in the two experimental sessions. Order had an influence in the sense that some effects were larger in session 2 than in session 1. Because there were no differences in which effects were significant, however, we averaged across sessions in the analyses reported below. Trial data were excluded from analysis if a manual response error was made (2.2% of all trials), if the manual RT was less than 100 ms or greater than 1500 ms (1.4% of all trials), or if an eye movement artifact occurred (2.8% of all trials).
The results are shown in Tables 7 and 8 . Analysis of the manual RTs to make the C versus reversed C judgment showed that subjects responded faster to each target type when no distractor was present than when a distractor was present. Thus, the onset distractor slowed RT to the luminance target, and the luminance distractor slowed RT to the onset target. This was true even when only the trials in which the eyes went directly to the target were considered. In sum, these data suggest that both irrelevant onsets and irrelevant luminance increments capture attention. The difference in manual RT between the luminance target control condition (774 ms) and the onset target control condition (769 ms) was not significant, t(11)= 0.3, P\ 0.7, indicating that the luminance and onset targets were matched for salience.
Analyses of the oculomotor behavior showed that both kinds of distractors attracted the eyes, but sudden onset distractors captured the eyes more frequently than luminance distractors. This pattern of results was obtained (and was significant) in both experimental sessions, but the magnitude of the effects increased from session 1 to session 2. In session 1 the onset distractor captured the eyes on 10.3% of the trials, while the luminance distractor captured the eyes on 5.5% of the trials. In session 2 these percentages rose to 43.0 and 11.7%, respectively. Thus, as in experiment 2, subjects found it more difficult to ignore an irrelevant distractor if it had served as the saccade target in the previous experimental session. This was especially true for sudden onset stimuli.
Analysis of the trials in which the eyes went directly to the saccade target showed that saccade latency to the luminance target was slower when an onset distractor was present than when one was not; similarly, saccade latency to the onset target was slower when a luminance distractor was present than when it was absent. Thus, in addition to capturing the eyes on a substantial proportion of the trials, the presence of a distractor appears to have slowed saccade initiation to the target even when the eyes went directly to the target.
Saccade latency also differed as a function of whether the initial saccade went to the distractor as opposed to the target (Table 8 ). Mean saccade latency was 212 ms when the eyes moved to the onset distractor, compared to 230 ms when the eyes moved to the target. In contrast, there was no difference in mean latency for the onset target trials in which the eyes moved to the luminance distractor as opposed to moving directly to the target.
As in the first two experiments, the great majority of the fixations made to onset distractors were too brief to enable the programming of another saccade to the target. Unlike experiments 1 and 2, the same pattern was apparent in the condition in which the onset stimulus was the target and fixations were made on the luminance distractor. Thus, it appears that both sudden onsets and luminance increments allow parallel programming of two saccades (i.e. one to the target and the other to the distractor) whereas color singleton distractors do not.
Discussion
The results of the luminance target, onset distractor condition replicate the results of the color target, onset distractor conditions in experiments 1 and 2 in almost every respect. Presentation of an irrelevant onset distractor captured attention, as shown by the significant difference in manual RT between the distractor and control conditions when subjects were searching for a luminance target. The irrelevant onset distractor also captured the eyes on a significant number of trials. As in the previous experiments, saccades to the onset had a shorter latency than saccades to the luminance target and the duration of the fixation on the onset was generally too short to allow for the programming of a new saccade to the target. In sum, the results of this condition provide additional evidence that abrupt onsets (new objects) capture attention in an involuntary fashion, in part by eliciting involuntary, reflexive sac- cades to the onset that compete with voluntary, goal-directed saccades to the target.
Unlike the previous experiments, the results of the onset target, luminance distractor condition indicate that luminance increments (unlike color singletons) also capture attention and the eyes in an involuntary fashion. Presentation of an irrelevant luminance singleton distractor when goal-directed saccades were made to an abrupt onset stimulus slowed manual RT, slowed saccade latency to the target, and resulted in oculomotor capture on a significant number of trials. Although saccades made to the luminance distractor did not differ in terms of latency to saccades made to the onset target, the duration of the fixation on the luminance distractor was generally too short to allow for programming of a new saccade to the target. Thus, luminance increments also seem to elicit involuntary, reflexive saccades that compete with voluntary, goal-directed saccades to a defined target. Thus, abrupt onsets are not unique in their ability to capture attention; luminance increments capture attention (both covert and overt) as well. Manual RT in the onset target and luminance target control conditions was very similar, so it is unlikely that these results are somehow due to differences in stimulus salience.
The results of experiment 3 are inconsistent with the 'new object' account of attentional capture proposed by Yantis and Hillstrom (1994) , because luminance increments captured attention even though they did not define the appearance of new objects. Abrupt onsets were more likely to capture the eyes than were luminance increments, however, which suggests that abrupt onsets were especially effective in capturing attention. Stimulus salience theories (e.g. Koch & Ullman, 1985; Theeuwes, 1991 Theeuwes, , 1992 Theeuwes, , 1994 Theeuwes, , 1996 and attentional control setting theories (Folk & Annett, 1994; Folk & Remington 1996; Folk et al., 1992 Folk et al., , 1993 of attentional capture can explain why both luminance increments and abrupt onsets captured attention in this experiment (stimulus salience was matched; attentional control setting theory treats abrupt onsets as luminance increments) but they can not explain why abrupt onsets were more effective than luminance increments in capturing the eyes.
General discussion
The purpose of the present paper was to investigate whether attentional (and oculomotor) capture occur only when abrupt onsets which define new objects are used as distractors in a visual search task, or whether other salient stimuli also capture attention and the eyes even when they do not constitute new objects. The results of three experiments showed that abrupt onsets (new objects) were especially effective in capturing attention and the eyes, but that luminance increments that did not accompany the appearance of new objects captured attention as well. Color singletons, whether created by changes in the colors of all objects but one or by a transient color change in a single object, did not capture attention unless subjects had experience with the color singleton as a search target in a previous experimental session.
Both abrupt onsets and luminance increments appeared to elicit reflexive, involuntary saccades (as well as covert attention shifts), whereas transient color changes did not. This is consistent with the hypothesis that two parallel pathways are involved in saccade generation: a subcortical pathway (dependent on the superior colliculus) that is responsible for generating reflexive, orienting saccades, and a cortical pathway (headed by the frontal eye fields) that is responsible for generating voluntary, goal-directed saccades (e.g. Schall, 1995) . Neurons in the superior colliculus appear not to discriminate color (Marrocco & Li, 1977) , so color distractors should be incapable of eliciting involuntary, reflexive saccades in our paradigm.
One difference between the results of the present experiments and those obtained in our previous studies (e.g. Theeuwes et al., 1998 Theeuwes et al., , 1999 is that the eyes were captured much less often by the irrelevant onset distractor in the present experiments (approximately 50% of the time in our previous studies, compared to 5-40% of the time in the present experiments, depending on target type and prior experience with the distractor as target). Two important differences between the present studies and our earlier ones is the number of distractors that were present in the display and (concomitantly) subjects' level of awareness of the presence of the task-irrelevant stimulus. Our previous studies used larger sets of distractors (seven, including the onset distractor), whereas the present experiments used only five (including the onset distractor). Subjects in our previous studies reported (during debriefing) that they were unaware that onsets were ever present, while subjects in our current studies reported being highly aware of the onsets. In recent work (Kramer et al., in press) we have found that young adults (like those used in the present experiments) are able to dramatically reduce saccades to an irrelevant onset distractor when they are aware of its presence, presumably because of top-down inhibition from the cortical pathway onto the subcortical pathway. Such a mechanism could account for the lower number of saccades made to irrelevant distractors in the present experiments, as well.
The results of the current experiments are not entirely consistent with any single theory of attentional capture. The fact that task-irrelevant abrupt onsets capture attention even when subjects are instructed to search for a color singleton stimulus (experiments 1 and 2) is inconsistent with the attentional control setting hypothesis of Folk and colleagues. The finding that abrupt onsets are more effective than color transients or luminance increments in attracting attention even when stimulus salience is matched is inconsistent with purely bottom-up theories of attentional capture such as those proposed by Koch and Ullman (1985) and Theeuwes (1991 Theeuwes ( , 1992 Theeuwes ( , 1994 Theeuwes ( , 1996 . However, the fact that practiced color singletons and luminance increments to existing objects capture attention is inconsistent with the 'new object' theory of attentional capture proposed by Yantis and Hillstrom (1994) . Abrupt onsets (new objects) are clearly the most effective in capturing attention, however, which does support the 'new object' theory. Considering the attentional capture literature as a whole, it seems most likely that there are multiple influences on attentional capture, rather than a single mechanism that operates under all circumstances.
